Motyl KJ, Raetz M, Tekalur SA, Schwartz RC, McCabe LR. CCAAT/enhancer binding protein ␤-deficiency enhances type 1 diabetic bone phenotype by increasing marrow adiposity and bone resorption.
models (5), T1-diabetes causes bone loss and impaired bone healing (4, 18, 29, 39, 51, 52) . The subsequent osteoporosis is marked by decreased bone formation in both humans and animals (4, 7, 14) , while reported effects on bone resorption by osteoclasts have been variable. Altered mesenchymal stem cell lineage selection toward adipocyte rather than osteoblast has been suggested to be a mechanism for bone loss in diabetes (4, 5, 36) , aging (44, 62) , and unloading (1) . In STZ-diabetic mice, this hypothesis is supported by an increase in expression of adipocyte-specific genes in bone [peroxisome proliferator-activated receptor (PPAR) ␥2 and fatty-acid binding protein (FABP) 4] and visible adipocytes in the marrow (4) . Marrow adiposity is not a direct result of STZ because nonobese diabetic mice also have increased adipocyte accumulation accompanying bone loss (5) .
Inhibition of marrow adiposity may provide insight as to whether adiposity could be targeted to treat diabetic osteoporosis. Previously, we demonstrated that treatment with the PPAR␥2 inhibitor, bisphenol-A-diglycidyl ether (BADGE), prevents STZ-diabetic marrow adiposity, but does not protect against bone loss (6) . One interpretation of this study is that mesenchymal stem cells still differentiate toward the adipocyte lineage, but BADGE forces them to remain in an earlyadipocyte stage. Therefore, inhibition of adipocyte differentiation prior to PPAR␥2 induction (at the level of C/EBP␤) could potentially rescue bone loss from T1-diabetes.
CCAAT/enhancer binding protein beta (C/EBP␤) is a member of the basic region-leucine zipper (bZIP) class of transcription factors. A key regulator of mesenchymal stem cell adipocyte lineage selection, it is transiently expressed during early adipocyte differentiation with C/EBP␦ and then followed by expression of PPAR␥2 and C/EBP␣ (9, 12, 48) . C/EBP␤ exists in three isoforms: transcriptionally active liver activator protein (LAP)-1 and LAP-2 and generally inactive liver inhibitory protein (LIP) (48) . Overexpression of C/EBP␤ alone induces adipocyte differentiation in NIH-3T3 fibroblasts, while LIP overexpression can prevent it (64, 66) . Total deficiency of C/EBP␤ protects mice from obesity and reduces body fat mass (40, 50, 54) . Combined knockout of C/EBP␤ and C/EBP␦ leads to an even greater block to the adipocyte phenotype and adiposity (58) .
C/EBP␤ is also an important regulator of osteoblast lineage selection and differentiation. These effects are dependent on when (early vs. late differentiation), where (local vs. systemic), and which (LAP vs. LIP, or both) C/EBP␤ is expressed. C/EBP␤ is normally expressed during early and late stages of osteoblast differentiation, with decreased expression during middle stages (17, 23) . Complete knockout of C/EBP␤ in mice results in decreased total body mass and total bone mineral density (BMD) (54) . Similarly, targeted expression of the C/EBP␤ inactive form, LIP, to osteoblasts results in bone loss due to decreased bone formation (19) .
To examine the balance of these C/EBP␤ functions (regulating adipocyte and osteoblast differentiation) in the diabetic context, we measured C/EBP␤ expression during diabetes onset and tested the role of C/EBP␤ in this process by inducing type I diabetes in C/EBP␤ knockout (KO) mice. Indeed, C/EBP␤ expression increased in bone with the onset of diabetes. While C/EBP␤ could have played a role in the diabetic bone pathology by promoting bone marrow stem cells toward the adipocyte lineage and increasing marrow adiposity, we found that C/EBP␤ deficiency actually exacerbated diabetic marrow adiposity, despite causing peripheral fat loss. In addition, C/EBP␤ deficiency increased bone loss; however, unlike bone loss in wild-type diabetic mice, additional bone loss in KO mice was due to enhanced bone resorption rather than further suppression of osteoblast activity.
METHODS

Animals.
Male BALB/c mice were obtained from Harlan Sprague Dawley (Indianapolis, IN). Heterozygous C/EBP␤ (C/EBP␤ ϩ/Ϫ ) mice were obtained from Peter F. Johnson (National Cancer Institute, Frederick, MD) (55) . Heterozygous mice are bred to yield mice with a global knockout of C/EBP␤. The mice used in this study were bred into the BALB/c strain, backcrossed more than eight times and genotyped at Michigan State University by Jeffrey Leipprandt in the laboratory of Sandra Z. Haslam. All mice were maintained on a 12:12-h light-dark cycle at 23°C, were given standard lab chow and had food and water ad libitum. All animal procedures were approved by the Michigan State University Institutional Animal Care and Use Committee.
To induce diabetes, 14-wk-old male BALB/c mice, C/EBP␤ KO (C/EBP␤ Ϫ/Ϫ ) mice, and wild-type littermate controls were injected with either 40 mg/kg STZ (Sigma, St. Louis, MO) or 0.1 M citrate buffer, pH 4.5, vehicle for 5 consecutive days. Diabetes was confirmed 12 days post-first STZ injection (DPI) using a drop of blood from the saphenous vein and an Accu-Chek Compact glucometer (Roche Diagnostics, Indianapolis, IN), with blood glucose greater than or equal to 300 mg/dl, indicating diabetes. Body mass was monitored during diabetes induction and throughout the experiment. BALB/c mice were euthanized at 5, 19, 28, and 40 DPI.
C/EBP␤
Ϫ/Ϫ mice and wild-type littermate controls were euthanized at 40 DPI. Whole liver, tibialis anterior muscles, and peripheral fat pads (specifically the femoral fat pad, located outside of the femur) were isolated, and their mass was assessed at the time of harvest.
RNA analyses. Immediately after euthanasia, tibias were cleansed of muscle and connective tissue, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Frozen tibias were crushed under liquid nitrogen conditions with a Bessman Tissue Pulverizer (Spectrum Laboratories, Rancho Dominguez, CA). RNA was isolated with Tri Reagent (Molecular Research Center, Cincinnati, OH), and integrity was assessed by formaldehyde-agarose gel electrophoresis. cDNA was synthesized by reverse transcription with Superscript II Reverse Transcriptase Kit and oligo dT (12) (13) (14) (15) (16) (17) (18) primers (Invitrogen, Carlsbad, CA) and amplified by real-time PCR with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), and gene-specific primers were synthesized by Integrated DNA Fig. 1 . CCAAT/enhancer binding protein beta (C/EBP␤) expression is increased in diabetic bone in conjunction with aP2 expression and is followed by increased marrow adiposity. BALB/c mice were injected with streptozotocin (STZ) to induce diabetes. Mice were harvested 5, 19, 28, and 40 days post injection (DPI) with STZ. A: fixed femurs from diabetic mice at 5 and 40 DPI were stained with hematoxylin. Large white circular features (denoted by arrows) are adipocytes. B: mRNA was extracted from frozen tibias and made into cDNA, which was amplified by RT-PCR with primers specific to C/EBP␤ (dashed line), aP2 (solid line), and hypoxanthine guanine phosphoribosyl transferase (HPRT; a housekeeping gene control). Data points represent means Ϯ SE of diabetic mRNA levels expressed relative to vehicle-treated control values (normalized to one, dashed horizontal line). *P Ͻ 0.05 by Student's t-test.
Technologies (Coralville, IA). Hypoxanthine guanine phosphoribosyl transferase (HPRT) mRNA levels do not fluctuate in diabetes or with deletion of C/EBP␤ and were used as an internal control. HPRT was amplified using 5=-AAG CCT AAG ATG AGC GCA AG-3= and 5=-TTA CTA GGC AGA TGG CCA CA-3= (61). C/EBP␤ was amplified using 5=-CAA GCT GAG CGA CGA GTA CA-3= and 5=-CAG CTG CTC CAC CTT CTT CT-3= (46) . FABP4 (aP2) was amplified using 5=-GCG TGG AAT TCG ATG AAA TCA-3= and 5=-CCC GCC ATC TAG GGT TAT GA-3= (33) . C/EBP␦ was amplified using 5=-CGC AGA CAG TGG TGA GCT TG-3= and 5=-CTT GCG CAC AGC GAT GTT GTT-3= (46) . PPAR␥2 was amplified using 5=-TGA AAC TCT GGG AGA TTC TCC TG-3= and 5=-CCA TGG TAA TTT CTT GTG AAG TGC-3= (25) . C/EBP␣ was amplified using 5=-GAA CAG CAA CGA GTA CCG GGT-3= and 5=-GCC ATG GCC TTG ACC AAG GAG-3= (46) . Osteocalcin was amplified using 5=-ACG GTA TCA CTA TTT AGG ACC TGT G-3= and 5=-ACT TTA TTT TGG AGC TGC TGT GAC-3= (45) . Tartrateresistant acid phosphatase (TRAP5) was amplified using 5=-AAT GCC TCG ACC TGG GA-3= and 5=-CGT AGT CCT CCT TGG CTG CT-3= (63) . Cathepsin K was amplified using 5=-GCA GAG GTG TGT ACT ATG-3= and 5=-GCA GGC GTT GTT CTT ATT-3= (67) . Amplicons were compared with a 100 bp DNA ladder (Invitrogen, Carlsbad, CA) on a 2% agarose gel to verify RT-PCR results and to verify the absence of C/EBP␤ in the knockout animals.
Bone histology and histomorphometry. Femurs and tibias were fixed in 10% formalin and transferred to 70% ethanol after 24 h. Fixed samples were processed on an automated Thermo Electron Excelsior tissue processor for dehydration, clearing, and infiltration using a routine overnight processing schedule. Samples were then embedded in Surgipath-embedding paraffin on a Sakura Tissue Tek II-embedding center. Paraffin blocks were sectioned at 5 m on a Reichert Jung 2030 rotary microtome. Slides were stained for TRAP activity and counterstained with hematoxylin according to manufacturer protocol (387A-1KT, Sigma, St. Louis, MO).
Osteoclast surface area was measured and expressed as a percentage of total bone surface in the tibia trabecular region ranging from the proximal growth plate to 2 mm distal. Visible adipocytes, greater than 30 m diameter, were counted in the same region of the tibia and in the region of the femur immediately proximal to the distal growth plate, extending distally 2 mm.
Microcomputed tomography analyses. Fixed tibias were scanned using a GE Explore Locus microcomputed tomagraphy (CT) system at a voxel resolution of 20 m obtained from 720 views. Beam angle of increment was 0.5, and beam strength was set at 80 peak kV and 450 A. Each run included control and diabetic, wild type (WT) and C/EBP␤ Ϫ/Ϫ bones, and a calibration phantom to standardize grayscale values and maintain consistency. On the basis of autothreshold and isosurface analyses of multiple bone samples, a fixed threshold (800) was used to separate bone from bone marrow. Trabecular bone analyses were performed in a region of trabecular bone defined at 0.17 mm (ϳ1% of the total length) distal to the growth plate of the proximal tibia extending 2 mm toward the diaphysis, and excluding the outer cortical shell. Trabecular bone mineral content (BMC), BMD, bone volume fraction (BVF), thickness (TbTh), spacing (TbSp), and number (TbN) values were computed by a GE Healthcare MicroView software application for visualization and analysis of volumetric image data. Trabecular isosurface images were taken from a cylindrical region in the tibia immediately distal to the proximal growth plate measuring 1.0 mm in length and 1.0 mm in diameter. Fixed femurs were prepared and scanned in an identical manner to above. Cortical measurements were performed in a 2 ϫ 2 ϫ 2 mm cube centered midway down the length of the bone using a fixed threshold of 1400 to separate bone from marrow.
Mechanical testing. Mouse femurs were subjected to three-point bending to determine their mechanical properties (21, 22, 24, 47, 49) . Specimens were thawed at room temperature prior to testing and kept wet in saline solution. The bones were placed on the support of the apparatus with the medial side facing up and loaded using an MTS Insight at 0.05 mm/s until failure. The stiffness was determined by calculating the slope of the load vs. displacement curve. The elastic modulus was calculated using elementary beam theory (Eq. 1) (24) .
where P is the load, L is the span length of the three-point bend support (10 mm), I is the moment of inertia, and ␦ is the deflection at the center of the bone. The load and displacement values were determined using the linear portion of the load vs. displacement curve. The ultimate stress was calculated using Eq. 2 (24) .
In Eq. 2, P is the ultimate load, L is the span length, c is the half the bone diameter along the loading axis, and I is the moment of inertia. The femur was modeled as a hollow ellipsoid. The thickness of the bone was calculated using CT in a region of interest 1.0 mm thick and centered halfway along the length of the bone. The moment of inertia for the femur was calculated using Eq. 3. Fig. 3 . Diabetic marrow adiposity was increased by C/EBP␤ deficiency. A: representative photomicrographs of tibia sections stained with hematoxylin from control (C) and diabetic (D) wild type and C/EBP␤ Ϫ/Ϫ tibias. Photographs were taken 1 mm distal to the proximal growth plate. B: visible adipocytes were counted in the marrow portion of tibia sections in the area 2 mm distal to the proximal growth plate. C: mRNA was extracted from frozen tibias and was made into cDNA with a reverse transcriptase reaction. cDNA was amplified by RT-PCR with primers specific to aP2, an adipocyte marker, and values were expressed relative to HPRT, a housekeeping gene control. Bars represent mean Ϯ SE of control (C, white bars), diabetic (D, gray bars), wild type and C/EBP␤ Ϫ/Ϫ mice. *P Ͻ 0.05 by Student's t-test; n Ն 5 per condition.
In Eq. 3, B and D are the outer major and minor diameters, respectively, and b and d are the inner major and minor diameters, respectively. Statistical analyses. All measurements are presented as the mean Ϯ SE. Statistical significance was determined with a Student's t-test (assuming equal variance) using Microsoft Excel (Microsoft, Redmond, WA).
RESULTS
To determine the temporal pattern of C/EBP␤ expression in T1-diabetic bone, we treated male mice with STZ or vehicle to induce T1-diabetes, and harvested tibiae at 5, 19, 28, and 40 DPI. At 40 DPI, adipocyte numbers are clearly increased in diabetic bone marrow (Fig. 1A) (4 -6, 13, 43) . However, at 5 DPI, the point at which blood glucose levels become significantly elevated in diabetic mice (190 Ϯ 12 mg/dl vs. 152 Ϯ 5 mg/dl in controls), adiposity markers are already beginning to increase at the RNA level (Fig. 1B) (42) . Therefore, transient expression of transcription factors involved in early adipogenesis should be evident at this early time point. Consistent with this hypothesis, C/EBP␤ expression was elevated at 5 DPI, concurrent with an increase in aP2, a marker of mature adipocytes, which remained elevated throughout the time course (Fig. 1B) . C/EBP␤ mRNA levels did not remain elevated, which corresponds with its expression pattern during adipocyte maturation (30) .
We then induced diabetes in C/EBP␤ KO mice and wildtype littermate controls to understand the role of C/EBP␤ in diabetic bone pathogenesis. Deletion of C/EBP␤ was confirmed by RT-PCR of RNA isolated from tibiae (Fig. 2) . Consistent with previous studies, the nondiabetic C/EBP␤ Ϫ/Ϫ mice had lower glucose levels than nondiabetic wild-type mice (34) . However, this hypoglycemia was not significant enough to affect diabetes induction in KO mice. Blood glucose levels were increased to greater than 500 mg/dl in both wild-type and C/EBP␤ Ϫ/Ϫ diabetic mice (Fig. 2) and were not significantly different from each other.
C/EBP␤ Ϫ/Ϫ mice were smaller than wild-type mice: they have lower total body, muscle (tibialis anterior), and peripheral fat pad mass (femoral fat pad, located outside of the femur) ( Table 1 ), as seen in past studies (34, 54) . Consistent with a diabetic phenotype, both wild-type and KO diabetic mice lost weight. However, the KO diabetic mice lost more weight: Ϫ16% vs. Ϫ7% in diabetic wild-type mice (Table 1) . Two-way ANOVA indicates a strong genotype and phenotype effect, while a diabetes ϫ genotype effect approached significance (P Ͻ 0.071) ( Table 1) . A portion of the diabetic weight loss can be accounted for by muscle loss (Ϫ16% in wild-type and Ϫ22% in KO mice) and peripheral fat pad loss (Ϫ48%) in both wild-type and KO mice (Table 1) . Liver mass increased 28% in wild-type diabetic compared with control mice, whereas it increased only 10% in KO diabetic compared with control mice (Table 1) .
To determine whether C/EBP␤ deficiency could prevent adipocyte accumulation in the diabetic marrow, we counted adipocytes in hematoxylin-stained tibia sections (Fig. 3, A and  B) . Marrow adipocyte number did not differ significantly between KO and wild-type mice, although KO mice tended to have more adipocytes (Fig. 3B) . Diabetes increased adipocyte numbers in both genotypes, which corresponded to an increase in aP2 expression (Fig. 3C) . Interestingly, KO diabetic mice had more than five-fold more adipocytes than wild-type diabetic mice. Two-way ANOVA analysis indicated a strong diabetes and genotype effect on marrow adipocyte number, while a diabetes ϫ genotype effect approached significance (P Ͻ 0.077). Despite C/EBP␤ Ϫ/Ϫ control mice having significantly lower aP2 expression than wild-type control mice, diabetes induced aP2 expression in KO mice to levels significantly higher than all other groups.
To understand how deletion of C/EBP␤, a transcription factor important for adipocyte differentiation, could enhance diabetic marrow adiposity, we hypothesized that compensation by other adipogenic transcription factors may have occurred. Tibia expression of C/EBP␦, which is normally expressed with C/EBP␤ early in adipocyte differentiation, was significantly decreased (nearly five-fold) in diabetic wild-type compared with control bone (Fig. 4) . This decrease did not occur from diabetes in the KO mice. PPAR␥2 and C/EBP␣, both transcription factors present later in adipocyte differentiation, were unchanged in diabetic wild-type mice compared with wild-type controls but were significantly elevated in KO diabetic mice compared with KO controls. These data support the notion that heightened adipogenic transcription factors may compensate for the lack of C/EBP␤ and be responsible for increased marrow fat.
Next, we examined trabecular bone density parameters in the tibiae of these mice to determine whether C/EBP␤ deficiency had an impact on the diabetic bone phenotype. Control C/EBP␤ KO mice had significantly lower BMC, BMD, BVF, and TbN than control wild-type mice, similar to recent findings (54, 68) . Diabetes caused trabecular bone loss in both wildtype and KO mice, as demonstrated by lower trabecular BMC, BMD, BVF, and TbTh (Fig. 5A, Table 2 ). Thus, diabetic bone loss was not prevented, by the absence of C/EBP␤. Interestingly, T1-diabetes caused BMD to be decreased in diabetic KO by 66 mg/cc (31%) vs. 39 mg/cc (15%) in wild-type mice. BVF loss was 48% in diabetic KO mice, while only 22% in diabetic compared with wild-type diabetic bone. mRNA was extracted from frozen tibias and was made into cDNA with a reverse transcriptase reaction. cDNA was amplified by RT-PCR with primers specific to C/EBP␦, peroxisome proliferator-activated receptor-␥2 (PPAR␥2), and C/EBP␣. Diabetic levels were expressed relative to controls for the corresponding genotype. Bars represent mean Ϯ SE of diabetic wild-type (gray bars) and diabetic C/EBP␤ Ϫ/Ϫ (white bars) bone. *P Ͻ 0.05 compared with genotype-matched control by Student's t-test; n Ն 5 per condition. Fig. 5, A and B) . Trabecular thickness decreased 38% in diabetic KO mice vs. 20% in diabetic wild-type mice. Although, trabecular number was unchanged in the diabetic wild-type mice compared with control wild-type mice, it was significantly lower (27% decrease) in the diabetic KO mice compared with control KO mice ( Table 2) . Taken together, these data indicate that bone loss was more severe in KO mice than in wild-type mice. Two-way ANOVA analyses indicated that the changes are due to a diabetes and a genotype effect, but not a genotype ϫ diabetes effect, for all parameters.
To determine the mechanism of heightened bone loss in C/EBP␤-deficient mice, we examined expression of osteocalcin and TRAP5, markers of bone formation and resorption, respectively. Tibia expression of osteocalcin was decreased 26% in diabetic wild-type mice compared with control wildtype mice, as we have demonstrated previously (4, 42, 43) , indicating decreased osteoblast activity with diabetes (Fig. 5C) . Although control KO mice had less bone than control wildtype mice, osteocalcin expression was not significantly different. Diabetic KO mice also had a decrease in osteocalcin expression (43%) compared with control KO mice; however, diabetic KO mice levels were not significantly lower than those of diabetic wild-type mice. Thus, two-way ANOVA detected only a diabetes effect on osteocalcin levels.
Since knockout of C/EBP␤ (genotype effect) did not alter diabetic changes in osteocalcin expression, we examined osteoclast parameters to determine whether resorption was increased (to account for the drop in %BVF in diabetic KO mice). Tibia RNA levels cathepsin K, a marker of osteoclast activity, were unchanged in diabetic compared with control wild-type mice (Fig. 6A ), similar to previous findings (4, 42) . Similarly, cathepsin K mRNA levels were unchanged in C/EBP␤ Ϫ/Ϫ bone. In contrast, cathepsin K mRNA was elevated twofold in diabetic KO mice compared with control KO mice; this led to the identification of a diabetes and genotype effect by two-way ANOVA (P Ͻ 0.029 and P Ͻ 0.037, respectively). To account for the enhanced bone loss and clarify the status of bone resorption in the diabetic KO mice, acid phosphatase-positive osteoclasts were measured (Fig. 6B) . Percent osteoclast surface was 73% higher in diabetic KO mice than control KO mice. This is consistent with elevated cathepsin K mRNA levels and indicates a portion of the bone loss in diabetic C/EBP␤ Ϫ/Ϫ mice is likely due to increased resorption. Two-way ANOVA analysis indicated a strong diabetes and genotype effect, while a diabetes ϫ genotype effect approached significance (P Ͻ 0.086).
We next examined whether diabetes-induced bone loss would be present in the cortical bone of C/EBP␤ Ϫ/Ϫ mice (Table 3) . Cortical bone parameters can be variable, and they can either decrease (5, 36, 43) or not be altered (4, 5, 43) in response to type 1 diabetes in wild-type mice. Here, cortical parameters were not different in diabetic wild-type mice compared with control wild-type mice. Additionally, nondiabetic Fig. 6 . C/EBP␤ knockout causes increased bone resorption in type 1 diabetes. A: mRNA was extracted from frozen tibias and was made into cDNA with a reverse transcriptase reaction. cDNA was amplified by RT-PCR with primers specific to cathepsin K (osteoclast marker) and expressed relative to HPRT, a housekeeping gene control. B: decalcified tibia sections were stained for TRAP activity to identify osteoclasts. Trabecular bone surface in contact with osteoclasts was measured and expressed relative to the total bone surface examined. Bars represent means Ϯ SE of control (C, white bars), diabetic (D, gray bars), wild type and C/EBP␤ Ϫ/Ϫ mice. *P Ͻ 0.05 by Student's t-test; n Ն 5 per condition. C/EBP␤ Ϫ/Ϫ mice had cortical bone density parameters similar to those of nondiabetic wild-type mice. Consistent with trabecular bone changes, the combination of diabetes with the deletion of C/EBP␤ reduced cortical thickness and cortical area (Table 3) . Although inner perimeter and marrow area were unchanged in diabetic C/EBP␤ Ϫ/Ϫ mice compared with nondiabetic C/EBP␤ Ϫ/Ϫ and wild-type mice, outer perimeter was decreased, indicating uncoupled bone remodeling in the periosteum. The moment of inertia (MOI) was consistent with cortical CT findings in that it was similar between control and diabetic wild-type mice, and control C/EBP␤ Ϫ/Ϫ mice, but decreased in diabetic C/EBP␤ Ϫ/Ϫ mice, suggesting reduced strength (Table 3) .
To determine whether these cortical bone alterations had any impact on the actual mechanical properties of the whole bone, we performed 3-point bending tests on femurs. Consistent with cortical measurements, the stiffness, ultimate stress, and elastic modulus were unchanged in wild-type diabetic mice compared with wild-type controls (Fig. 7) . Similarly, all three parameters were also unchanged in nondiabetic C/EBP␤ Ϫ/Ϫ mice compared with nondiabetic wild-type mice. However, consistent with reduced cortical thickness, outer perimeter and MOI, the stiffness and elastic modulus were all lower in diabetic C/EBP␤ Ϫ/Ϫ mice compared with diabetic wild-type mice. When analyzed by two-way ANOVA, genotype and diabetes ϫ genotype effects impacted bone stiffness (P Ͻ 0.001 and P Ͻ 0.018, respectively).
DISCUSSION
T1-diabetes results in decreased bone formation and increased marrow adiposity, which could be caused by mesenchymal stem cell lineage selection preference for the adipocyte rather than the osteoblast lineage (4, 38) . The aim of this study was to determine whether C/EBP␤ was required for diabetic marrow adiposity and whether deletion of C/EBP␤ could ameliorate diabetic bone loss. Rather than preventing altered mesenchymal stem cell lineage selection, C/EBP␤ Ϫ/Ϫ mice had enhanced bone marrow adiposity and bone loss in response to T1-diabetes.
Despite the enhanced marrow adiposity, C/EBP␤ diabetic KO mice lost the same percentage of peripheral fat as diabetic wild type mice (Table 1) . Bone marrow adipocytes and peripheral adipose depots often have reciprocal phenotypes. T1-diabetes generally induces a loss of peripheral and visceral fat and an increase in bone marrow fat (4). This reciprocal relationship between peripheral/visceral fat and marrow adiposity is also present in models of alcohol consumption (35) , anorexia (8) , and aging (28) . Here, however, the enhanced adiposity of the bone marrow in the diabetic KO mice was not accompanied by enhanced peripheral fat loss, suggesting independent regulation of the two depots in the C/EBP␤ KO mice. This idea is also supported by the fact that control C/EBP␤ KO mice have less peripheral fat with no significant change in bone marrow adiposity compared with their wild-type counterparts. Perhaps under normal conditions, C/EBP␤ plays an important role in adipose deposition in the periphery, but not in the marrow. In contrast, our study indicates that C/EBP␤ is important in regulating diabetic bone marrow fat accumulation, while having no effect on diabetic peripheral fat loss.
Although many studies have demonstrated the importance of C/EBP␤ for adipocyte phenotype in vitro (9, 12, 64, 66) and in vivo (40, 50, 54) , effects of C/EBP␤ on bone marrow adiposity have not been extensively examined. Our findings demonstrate no significant difference between marrow adipocyte numbers in wild-type and C/EBP␤ Ϫ/Ϫ mice (Fig. 3) , consistent with a recent study (68) . However, expression of the adipocyte Fig. 7 . Absence of C/EBP␤ reduces stiffness and elastic modulus of diabetic mouse femurs. Femurs from mice were subjected to three-point bending to test their mechanical properties: stiffness (top), ultimate stress (middle), and elastic modulus (bottom). Bars represent means Ϯ SE of control (C, white bars), diabetic (D, gray bars), wild type and C/EBP␤ Ϫ/Ϫ mice. *P Ͻ 0.05 by Student's t-test; n Ն 5 per condition. marker aP2 is significantly decreased in KO compared with wild-type control mice (Fig. 3C) . In spite of C/EBP␤'s role in adipocyte lineage selection and maturation, the loss of C/EBP␤ enhanced T1-diabetic bone marrow adiposity (Fig. 3 ) and aP2 expression. Our studies indicate that altered expression of other adipogenic transcription factors may contribute to this outcome. Specifically, we observed the maintenance of C/EBP␦ expression in diabetic C/EBP␤ KO mice (Fig. 4) , which may be sufficient for the modest increase in C/EBP␣ and PPAR␥2 expression that we observed (Fig. 4) .
C/EBP␦ expression has previously been reported to be IFN-␥/LPS inducible in C/EBP␤ KO, but not wild-type, macrophages (15) . We previously reported inflammatory effects of T1-diabetes in bone (42) . While most inflammatory effects were observed at diabetic onset, elevated IL-1␣ expression was observed at later times. IL-1 is known to stimulate C/EBP␦ expression (2, 16, 20, 37, 59) , as well as enhance its activity (56) . As both C/EBP␣ (31) and PPAR␥2 (11) transcription can be directly regulated through C/EBP transcription factors, a chain of events where IL-1 stimulates C/EBP␦ expression and activity, which, in turn, stimulates C/EBP␣ and PPAR␥2 expression to promote adipogenesis is plausible in the diabetic C/EBP␤ KO animals.
It is important to address the fact that we do not observe elevated PPAR␥2 expression in diabetic wild-type bone compared with control wild-type bone (Fig. 4) , as we have seen in our past studies (4) . Suppression of PPAR␥2 expression occurs with adipocyte maturation; therefore, the lack of an increase in diabetic mice in this study may be an indicator of a more mature population of adipocytes in the bone marrow. This is consistent with our observation of increased marrow adiposity and aP2 mRNA levels. It is possible that the progression of marrow adiposity may be dependent upon the severity of diabetes induction, which can vary between experiments using streptozotocin (41) and that more severe diabetes would produce extended increases in PPAR␥2 expression concurrent with aP2 and marrow adiposity.
Upon examination of the bone phenotype of C/EBP␤ KO mice, we found that KO mice had significantly lower bone density. However, the absence of C/EBP␤ did not significantly alter osteoblast parameters in control mice. This is consistent with a recent study indicating bone loss, but unchanged bone formation parameters (osteoblast surface and osteoblast number) in femurs of 12-wk-old C/EBP␤ Ϫ/Ϫ mice compared with wild-type littermates (68) . However, another study found reduced mineral apposition rate and bone formation rate/bone surface (BFR/BS) in 8-wk-old C/EBP␤ Ϫ/Ϫ mice, suggesting C/EBP␤-deficiency suppresses osteoblast function (53) . As our study was started in mice that were 14 wk old, this apparent discrepancy may be due to the age of the mice, with C/EBP␤ being an essential regulator of osteoblasts during development (53, 60) but not during adult remodeling (68) .
Recent studies have demonstrated that loss of C/EBP␤ enhances osteoclast differentiation. This likely occurs through the absence of LAP-induced suppression of MafB (53) , which negatively regulates RANKL-induced osteoclastogenesis (27) . Thus, C/EBP␤ Ϫ/Ϫ osteoclasts in vitro demonstrate increased expression of cathepsin K, and increased TRAP staining in vivo (specifically, larger osteoclasts were observed, with no change in osteoclast number in 8-wk-old KO mice) (53) . Here, we did not observe any change in cathepsin K (Fig. 6A) , percentage osteoclast surface (Fig. 6B) , or in osteoclast number (not shown) in control KO bone compared with control wildtype bone. Another study using 12-wk-old, wild-type and KO mice had a similar result (no change in osteoclast parameters), but it did not examine serum or RNA markers of resorption (68) . Upon induction of diabetes, we observed no change in osteoclast parameters in wild-type mice (consistent with previous studies), but we found increases in diabetic KO mice compared with control KO mice (Fig. 7) . This suggests that the additional bone loss in the diabetic C/EBP␤ Ϫ/Ϫ mice occurred through increased osteoclast activity, rather than suppressed bone formation. It is possible that the enhanced osteoclast activity is a direct result of the absence of C/EBP␤ in osteoclasts or that it is secondary to the increased marrow fat because adipocytes can secrete factors like TNF-␣ that induce osteoclastogenesis (10, 65) .
Perspectives and Significance
Our findings demonstrated that the absence of C/EBP␤ enhanced the diabetic bone phenotype. Specifically, absence of C/EBP␤ increased diabetes-induced expression of PPAR␥2 and C/EBP␣ and subsequent marrow adiposity. Increased marrow adiposity was concurrent with reduced bone density, but osteoblast activity markers were not further suppressed. In fact, osteoclast activity was increased in diabetic C/EBP␤ KO mice, which is contrary to the classic mechanism of bone loss from T1-diabetes. Our findings add to the work of others who recently have suggested a role for C/EBP␤ in the inhibition of osteoclast differentiation. Finally, we conclude that C/EBP␤ alone is not responsible for the bone vs. fat phenotype switch observed in T1-diabetes and that suppression of its levels may further bone loss by increasing bone resorption.
